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Abstract
The internal correlations of binary subsystems not only in the ground state
but also in excited states of 6He are investigated through the Coulomb breakup
reaction. For the excited states, to investigate the internal correlations, the two-
dimensional energy distributions of the E1 strength are calculated with respect
to the relative energy in the binary subsystems, and the importance of the final
state interactions are discussed. For the ground state, the E1 strength distri-
butions are calculated by using two types of wave functions with and without
strong di-neutron correlations, and the contributions from the di-neutron cor-
relations are investigated.
1 Introduction
The lightest two-neutron halo nucleus 6He has been studied with keen interest in the binding mecha-
nism causing its exotic structure. Theoretically, based on α+n+n three-body models, structure of the
ground and low-lying excited states have been investigated, and the importance of the n-n correlation
has been suggested. [1–5] While the two valence neutrons in the ground and excited states of 6He oc-
cupy the (p-shell)2 configurations arising from the α-n interaction, the simple shell model configuration
of (p3/2)2 cannot reproduce the binding energy of the ground state. [4] To reproduce the binding energy
of the ground state, the correlation of the n-n subsystem is important, and it has been suggested that the
spatially-correlated neutron pair, the so-called di-neutron, are realized in the ground state. [2, 3, 5] It is
interesting to investigate the α-n and n-n in 6He through observables.
Experimentally, Coulomb breakup reactions have been considered to be useful to investigate the
weakly bound halo nuclei. [6,7] For 6He, the Coulomb breakup cross section were measured by GSI [6]
and MSU [7] groups, and the low-lying enhancement of the E1 strength was found at the excitation
energy Ex ∼ 1 MeV. This strong E1 strength is a unique phenomenon of halo nuclei, it is expected that
the understanding of the mechanism of the E1 excitation provides us with important information of the
internal correlations of subsystems.
However, it is still unclear what kinds of correlations can be distinguished and how to extract
internal correlations from the observables in the E1 excitation. To investigate the internal correlations in
the E1 excitation, we need accurate descriptions both of the ground and of the excited continuum states.
Especially, for excited states, the 6He nucleus is broken up to three-body continuum states since 6He is
the Borromean system, in which no pair of constituent particles has a bound state, and hence, we need to
solve the three-body scattering problem to investigate the E1 excitation in detail.
In the previous works, we studied the three-body breakup reactions of 6He on the basis of the
complex scaling method (CSM) and the orthogonality condition model (OCM). In Ref. [8], the E1
strength was calculated as a function of total excitation energy. However, internal correlations in the
soft E1 excitation cannot see directly from the total energy distribution of the E1 strength, since the
degrees of freedom of subsystems are integrated over in the total energy distribution. To see the internal
correlations of binary subsystems in two-neutron halo nuclei directly, it is essential to estimate the soft
E1 excitation as a function of energies in binary subsystems. From this point of view, in Ref. [9], the E1
excitation was presented in the two-dimensional energy distributions of the E1 strength with respect to
the subsystem energies using the complex-scaled solutions of Lippmann-Schwinger equation (CSLS).
In this contribution, we investigate the internal subsystem correlations, both in the ground and
excited states through the soft E1 excitation of 6He. For the excited states, we first investigate the internal
correlations in binary subsystems using the two-dimensional energy distributions of the E1 strength, and
the importance of the correlations of α-n and n-n is discussed. For the ground state, we calculate the E1
distributions using the wave functions with and without strong di-neutron correlations, and show how
the ground state configuration contributes to the E1 excitation.
2 Model
2.1 α+n+n three-body model for 6He
Before describing how to estimate the E1 excitation of 6He, we first give a brief explanation of the
α+n+n three-body model, the so-called the hybrid-TV model. The detailed explanation of this model is
given in Ref. [4,8]. In this model, we describe the 6He nucleus as a α+n+n three-body system, and the α
core is assumed to be an inert one described by the (0s)4 configuration, whose oscillator length is taken
as bc = 1.4 fm to reproduce the observed charge radius of 4He.
To obtain relative motion of the α+n+n system, we employ OCM. [10] For a relative wave function
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ti − Tcm +
2∑
i=1
Vαn(ri) + Vnn + V
3
αnn + VPF. (2)
The operators ti and Tcm are kinetic energies of each particle and a center-of-mass motion of the three-
body system, respectively. For interactions, the microscopic KKNN potential and the effective Minnesota
potential are used for Vαn and Vnn, respectively, and ri (i = 1 or 2) represents a relative coordinate
between the α core and each valence neutron.
In this model, to reproduce the threshold energy of the α+n+n breakup, we introduce the effective
αnn three-body interaction V 3αnn [8], which is given as






where V3 = −1.503 MeV and ν = 0.07/b2c fm−2. Using this three-body interaction, we reproduce the
binding energy and the r.m.s. radius of 6He as 0.975 MeV and 2.46 fm, respectively.
The components of the Pauli forbidden states are excluded from relative motion of the α+n+n
system by using the so-called pseudo potential VPF. In the case of 6He, the Pauli forbidden state φPF is
defined as the occupied 0s orbits in the α core. Then the pseudo potential VPF is given as
VPF = λ|φPF〉〈φPF|, (4)
where λ is taken as 106 MeV.
To solve unbound states with correct outgoing boundary conditions, we solve OCM equation in
Eq. (1) with CSM [11]. In CSM, relative coordinates are transformed as follows;


































Fig. 1: Energy spectra of 6He in CSM, Left: Schematic picture of spectra of the α+n+n system, where indices
C1, C2, and C3 indicate the 4He+n+n, 5He(3/2−)+n, and 5He(1/2−)+n continuum spectra, respectively. Right:
The 1− spectra calculated within the present α+n+n three-body model. Three straight lines show the three-
and two-body continuum states of 4He+n+n, 5He(3/2−)+n, and 5He(1/2−)+n corresponding to C1, C2, and C3,
respectively, and no bound and resonant states are obtained.
where U(θ) is a scaling operator and θ is a scaling angle given as a real number. Under this trans-
formation, we obtain the complex-scaled Hamiltonian Hˆθ. For Hˆθ, the corresponding complex-scaled
Schrödinger equation is given as
Hˆθχθ = Eθχθ, χθ = e(3/2)iθ·f · χ(ξeiθ), (6)
where χθ is a complex-scaled wave function and the factor e(3/2)iθ·f comes from a Jacobian for a volume
integral with f degrees of freedom of a system (f = 2 for a three-body system).
We obtain the eigenstates (their bi-orthogonal states) and energy eigenvalues of the complex-
scaled Hamiltonian Hˆθ as {χθn} ({χ˜θn}) and {Eθn} with state index n, respectively, by solving the eigen-
value problem of Eq. (6) using a finite number ofL2 basis functions. In CSM, the resonances are obtained
with energies of Eθn = Ern+iΓn/2, whereErn and Γn are resonance energies measured from the threshold
and decay widths, respectively. On the other hand, the continuum states are obtained as the discretized
eigenstates, and are located on the 2θ-rotated branch cuts starting from the different thresholds of two-
and three-body decaying channels such as 5He+n and 4He+n+n (see Fig. 1).
2.2 E1 distributions in Complex-scaled solutions of Lippmann-Schwinger equation










where Φgs and Ψ(−)(k,K) are the wave functions for the ground and excited states of 6He, respectively,
and the total spin of the ground state is given as Jpi. The operator for the E1 transition is given as
Oˆ(E1). Two momenta, k and K, represent relative momenta in Jacobi coordinates for the three-body






















where µ and M are reduced masses corresponding to k and K, respectively. Using Eq. (8), we can see
the internal correlations directly as functions of subsystem energies, such as α-n and n-n. Similarly, we


















To obtain the distributions of the E1 strength given in Eqs. (8) and (9), it is necessary to solve the
scattering states of 6He, Ψ(−)(k,K). Here, we solve Ψ(−)(k,K) using the complex-scaled solutions of
Lippmann-Schwinger equation (CSLS) [9]. In CSLS, we start with the formal solution of Lippmann-
Schwinger equation. The incoming scattering state Ψ(−) in the bra-representation is described as
〈Ψ(−)(k,K)| = 〈Φ0(k,K)| + 〈Φ0(k,K)|Vˆ lim
ε→0
1
E − Hˆ + iε , (10)
where Φ0 is a solution of an asymptotic Hamiltonian Hˆ0, and the interaction Vˆ is obtained by subtracting
Hˆ0 from the total hamiltonian Hˆ given in Eq. (2). In the case of the 6He breakup, the asymptotic
Hamiltonian Hˆ0 is given as the kinetic operator for the three-body system since the 6He nucleus is
broken up to three-body scattering states and no binary subsystem has a bound state. Then, we obtain








The Green’s function in Eq. (10) is replaced with the complex-scaled Green’s function in CSLS,




E − Hˆ + iε = U
(−1)(θ)
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Then, we obtain Ψ(−)(k,K) as









3.1 Correlations of binary subsystems in final states
In this section, we investigate the correlations of subsystems in the final states. To investigate the cor-
relations of subsystems, we calculate the two-dimensional energy distributions with respect to relative
energies of α-n and n-n using Eq. (8).
In Fig. 2, we show the two-dimensional energy distributions of the E1 strength. The distributions
with respect to the α-n and n-n subsystem energies are presented in the left and right panels in Fig. 2,
respectively. In the left panel, the strength distribution shows the enhancement at around Eα-n ∼ 0.7
MeV, which corresponds to the resonance energy of 5He(3/2−). From this enhancement of the strength,
it is seen clearly that the sequential decay via the 5He(3/2−)+n channel plays a important role in the
E1 excitation, and this result is consistent with that in Ref. [8]. On the other hand, in the right panel of
Fig. 2, we find that the strength is concentrated at En-n ∼ 0. This distribution indicates that the virtual
state of the n-n subsystem in the final states is also important in the soft E1 excitation.
The importance of the α-n and n-n correlations in the final states can be also confirmed in the
total energy distribution. The calculated total energy distributions of E1 strength with and without final
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Fig. 2: Two-dimensional energy distributions of the E1 strength. Left: The distribution with respect to 5He























Fig. 3: E1 strength distributions with and without final state interactions. The black thick and thin lines present
the distributions with all and no final state interactions, respectively. The results including only n-n and α-n
interactions are shown as red and blue lines, respectively.
state interaction are calculated using Eq. (9) and are shown in Fig. 3. In Fig. 3, we show four types
of distributions: The original result including all final state interaction, those including only α-n or
n-n interaction, and that including no final state interaction. From this comparison, we see that both
interactions of α-n and n-n are important to reproduce the low-lying enhancement of the E1 strength,
and those contributions are comparable to each other. Including the α-n interaction, the shape of the E1
strength is reproduced, while its amplitude is much smaller than the original one. This result indicates
that the peak position of the E1 strength mainly results from the sequential decay via the 5He(3/2−)
resonance, and the n-n correlation in the final state also contributes to the soft E1 excitation to reproduce
the amplitude the E1 strength.
3.2 Two-neutron correlation in the ground state
To investigate the contribution from the ground state configuration, we calculate the total energy distri-
butions of E1 strength using the ground state wave functions with and without strong di-neutron corre-
lations, and discuss how important the di-neutron is in the E1 excitation.
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Fig. 5: E1 strength distributions calculated with the ground state wave functions with and without strong di-
neutron correlations. The black and red lines show the results with the wave function in the hubrid-TV model and
(p3/2)
2 configuration, respectively.
Here, we use the two types of the ground state wave functions as shown in Fig. 4. The left panel
shows the two-neutron density distribution of the ground state calculated in the hybrid-TV model, which
includes higher partial wave mixing, and the right panel shows that in (p3/2)2 configuration. In this
calculation, both the results reproduce the observed binding energy of E = 0.975 MeV and non-energy
weighted sum rule value of the E1 excitation. The wave function in the hybrid-TV model shows a strong
di-neutron correlation as a peak at θ ≤ 90 region, while that in (p3/2)2 configuration has a symmetric
shape in the both side of θ = 90 line and a clear di-neutron peak cannot be seen. Using these two wave
function, we discuss the contributions of the ground state configurations in the E1 excitation of 6He.
In Fig. 5, we show the E1 distributions calculated with the wave functions with and without strong
di-neutron correlations shown in Fig. 4. The results in Fig. 5 have similar shapes of the E1 strength
distributions to each other, and we see that the di-neutron in the ground state is not correlated with the
soft E1 excitation directly. This fact can be understood by considering the importance of the α-n final
state interaction. In the previous subsection, we discussed that the sequential decay via the 5He(3/2−)
resonance is important in the E1 excitation, and the shape of the E1 strength can be reproduced by
including only the α-n interaction, while the amplitude is much smaller than that including all final state
interaction (see Fig. 3). Hence, if the ground state configuration is limited as the (p3/2)2 one, the 6He
can decay through the dominant channel of the 5He(3/2−)+n, and then, the shape of the E1 strength
is reproduced. In this calculation, since the (p3/2)2 ground state satisfy the sum rule value of the E1
transition, the amplitude of the E1 strength is reproduced even if the ground state is limited as (p3/2)2.
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4 Summary
In this contribution, we investigate the n-n correlations in both the ground and final states of 6He through
the Coulomb breakup reaction. For the final states, we found that 5He(3/2−) resonance and virtual state
of n-n play important roles in theE1 excitation and their contributions to the E1 strength are comparable
to each other. The shape of the E1 strength distribution is reproduced by the α-n correlation, while the
n-n correlation is also important to amplify the E1 strength. For the ground state, we calculate the E1
strengths using two types of the wave functions with and without strong di-neutron correlations. From
the result, it is suggested that the di-neutron is not correlated with the E1 strength clearly and the strength
distribution can be reproduced even if the ground state is limited as the (p3/2)2 configuration.
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